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Abstract 
The present work proposes low-temperature syngas separation as an alternative to the use of solvent absorption–desorption 
processes for CO2 capture from IGCC power plants. In the low-temperature process in consideration, CO2- and H2-rich product 
streams are obtained by phase separation from compressed syngas by combining distillation, flash separation, internal heat 
recovery and auxiliary refrigeration. For the selected CO2 capture ratio of 73% simulation results show a potential specific 
capture and compression power of approximately 0.36 MJ/kgCO2 including sulphur pre-removal. Higher CO2 capture ratio is 
obtainable and can be increased to about 85% by increasing the syngas feed pressure to about 110 bar. The low-temperature 
syngas separation process shows promising energy penalty figures for CO2 capture from IGCC power plants and may hence be 
an interesting energy- and cost-efficient alternative to conventional capture methods. 
© 2010 Elsevier Ltd. All rights reserved 
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1. Background and motivation 
For integrated gasification combined cycles (IGCC), solvent-based syngas separation concepts 
are currently the main technological option considered for pre-combustion CO2 capture. As an 
alternative to physical and chemical absorption processes such as Selexol, methanol and MEA, 
this work considers capture of CO2 from IGCC through low-temperature phase separation of 
pressurised syngas into a CO2- and H2-rich liquid and gaseous product, respectively. 
Unlike solvent-based CO2 capture processes, highly integrated with the power cycles through 
low-pressure steam extraction for solvent regeneration in the stripping column, the low-
temperature capture process presented in this study requires steam extraction only in the case of 
solvent-based H2S pre-removal upstream of the syngas separation. In principle, energy 
integration between the syngas separation section and power cycle will solely be electric power 
consumed by compressors and pumps. 
c⃝ 2011 Published by Elsevier Ltd.
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Published literature on the topic, although low in volume and in some cases obsolete, 
commonly expresses concern regarding the techno-economical potential of low-temperature CO2
capture from fossil-based power generation: “Cryogenic separation needs too much energy and 
appears to be too expensive […] In the end, only physical and chemical (or mixed) absorption 
methods seem suitable for large power plants…” [1]; “The basic advantage of cryogenic 
processes is that, provided the CO2 feed is properly conditioned, high recovery of CO2 and other 
feed constituents is possible. This may also facilitate the final use or sequestering of CO2.
However, cryogenic processes are inherently energy intensive.” [2]; “Use of cryogenic processes 
– is only worth considering where there is a high concentration of CO2 in the flue gas, as could 
be achieved in future IGCC designs. Cryogenic processes have the advantage of producing liquid 
CO2 ready for transportation by pipeline” [3].
Furthermore, a general and ambiguous use of the term “cryogenic” can be observed, lacking 
the distinction between what the authors of this study denote as “low-temperature” and the 
traditional physical interpretation of cryogenics commonly referring to temperature levels below 
-153°C. As the temperature range of the low-temperature syngas separation process of the 
present study is limited to about -60°C, it does not fall into the category of cryogenics. 
In order to challenge the above citations expressing skepticism towards low-temperature CO2
capture, the present study will evaluate the energy performance potential and provide a principal 
process-level design of a low-temperature syngas separation scheme. 
2. CO2 capture ratio 
Although targeted CO2 capture ratio (CCR) within CCS research has commonly been in the 
magnitude of 85–90%, so-called “full capture” [4], there are differing views on what CCR that 
should be targeted in the short- and long-term deployment of CCS. 
Optimum CCR with respect to energy consumption and capture cost is highly technology-
dependent as capture technologies in many cases are fundamentally different and follow 
different capture routes. For Selexol-based CO2 capture from IGCC power plants, 90% is 
indicated to be the approximate cost-optimal CCR [5]. A short-term alternative to full capture of 
CO2 from coal-fired power plants is to target CCR in the range of 45–65%, so-called partial 
capture, in order to bring specific CO2 emissions levels down to natural gas parity, i.e. those of 
natural gas-fired power plants [4]. 
Partial CO2 capture from IGCC plants could be carried out in various ways, some obvious 
alternatives of which being: 
 Complete gasification; partial shift; full CO2 capture 
 Complete gasification; split of syngas stream; one-stream complete shift while bypassing 
the second syngas stream; full one-stream CO2 capture [6] 
 Complete gasification; complete shift; partial one-stream CO2 capture 
While the first two alternatives are suitable for solvent-based capture technologies with 
optimal CCR in the full-capture range, the latter will serve as basis for the development of the 
low-temperature syngas separation process of this study. 
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3. Modelling and simulation 
Phase separation of syngas into a H2-rich gas and CO2-rich liquid can be carried out over a 
wide range for pressure and temperature. Tsang and Streett [7] have published empirical phase 
data for binary mixtures of H2 and CO2 over the temperature range 220–290 K and pressures up 
to 1 720 bar. Based on this data collection the estimated CCR, the ratio between captured and 
total flowrate of CO2, is plotted as function of pressure and temperature levels in Figure 1. As 
can be observed, increasing pressure and decreasing temperature levels enhance the theoretically 
obtainable CCR. A minimum allowed temperature of 217 K has been assumed in this work in 
order to avoid dry ice formation. 
As the feed pressure of shifted syngas assumed in the present work equals 35 bar, a CCR of 
approximately 61% can in theory be obtained by isobaric cooling and phase separation with no 
additional gas compression required. CCR can be further enhanced by syngas pre-compression 
prior to cooling and phase separation, and approximately 85% is obtainable for syngas pre-
compression to 110 bar. 
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Figure 1   Fraction of total amount of CO2 condensed into liquid phase as function of 
temperature of H2/CO2 mixture. Four different pressure levels are indicated. Results are 
based on empirical data reported by Tsang and Streett [7]. 
The overall low-temperature process have been build and simulated in steady state in PRO/II 
by SimSci-Esscor [8]. Selected equation of state has been Peng-Robinson where the above-
mentioned empirical data on H2/CO2 phase compositions have been implemented. Standard unit 
models for compressors, pumps, expanders, vessels and counter-current heat exchangers 
available in the process simulation package have been used. 
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4. Principal low-temperature syngas separation process design 
In the present study a pre-compression pressure of 51.3 bar with a targeted CCR of 
approximately 73% has been selected to demonstrate how a capture ratio between that of 
“natural gas parity” and “full capture” may be obtained. 
For the proposed CO2 capture process, a single-stage Selexol H2S pre-removal process is 
assumed to take place in order to avoid the presence of this chemical component in the CO2 for 
transport and storage. For the raw syngas given in Table 1, the power penalty of H2S removal 
and shift is estimated to be 6 MW, and is caused by auxiliary electric power consumption as well 
as steam extraction from the steam power cycle. The resulting shifted syngas to be fed to the 
low-temperature CO2 separation unit is assumed to be sulphur-free. 
Assumptions for compressor and expander efficiencies, pinch temperature in heat exchangers 
and more are listed in Table 2. Pressure drop in heat exchangers and vessels is neglected for 
simplicity. However, this is compensated for by assuming conservative figures for compressor 
and expander efficiencies. 
Table 1   Pressure, temperature, flowrate and composition of raw and shifted syngas. 
  Raw Shifted 
Pressure bar 41 35 
Temperature K 443 303 
Mass flowrate  ton/h 414 411 
Chemical composition    
H2  .224 .541 
CO  .487 .017 
CO2  .026 .384 
N2  .061 .048 
Ar  .012 .009 
H2O  .180 .001 
H2S  .002 .000 
Other  .008 .000 
Table 2   Main process assumptions. 
Isentropic efficiency of compressors % 80 
Isentropic efficiency of expanders % 80
Isentropic efficiency of liquid CO2 pump % 80
Relative pressure drop in HXs and vessels % 0 (neglected) 
HX pinch K 3 
Cooling water temperature K 293
Cooling water pinch K 10
Export pressure of H2-rich fuel bar 25 
Export pressure of CO2 product bar 110 
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The principal process flow diagram is shown in Figure 2. It includes main process streams and 
units while details on the evaporative propane and ethane refrigeration cycles, apart from stream 
flowing through the main heat exchangers, are omitted. Also omitted from the process flow 
diagram are dehydration processes of the syngas feed stream, assumed to be obtained by 
integrated flashing and adsorption in the feed line. 
The syngas feed is first compressed from 35 to 51.3 bar and subsequently chilled in a cooling-
water heat exchanger. Further, in HX1 the feed stream is cooled to 266 K and further to 232 K, 
and partial liquefaction, through heat exchangers HX2 and HX3 by evaporative propane and 
ethane refrigeration cycles. In a distillation column operating between 231 and 262 K the feed 
gas is fractionated into an H2-rich gaseous top product and CO2-rich liquid-phase bottom 
product.
HX1 functions as both syngas pre-cooling and reboiler for the distillation column, the latter 
partially vaporising the bottom liquid product by heating it to 279 K and thus recovering 
hydrogen that would otherwise be dissolved in the liquid CO2 for export. In a similar way HX4 
and HX5 function as partial condensers for the gaseous top product, being cooled to 217 K by 
evaporating ethane and the H2-rich fuel, respectively. A fuel product with a hydrogen 
concentration of approximately 75 mol-% is obtained while the liquid-phase concentration of 
CO2 is close to 99 mol-%. The CO2-rich product leaving the reboiler is then pumped to 110 bar, 
which is the targeted export pressure for transport. 
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Figure 2   Process flow diagram for low-temperature syngas separation. 
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In addition to above-mentioned auxiliary refrigeration cycles, required cooling duties of 
process streams is also partly supplied by internal heat integration between process streams. In 
HX5 the cooling potential of the cold gaseous H2-rich product is utilised twice, first by heat 
exchange at 51 bar and subsequently after expansion to 25 bar in a rotating expander. The 
expansion has three purposes with regard to process integration: inducing temperature drop in 
the gaseous stream, enabling further cooling potential; mechanical or electric power may be 
recovered and utilised for driving compressors; the H2-rich stream is brought to its target 
pressure. Upstream of the gas expander a heater must be placed in order to prevent the formation 
of CO2 droplets or solids when the stream is depressurised. According to simulations, heating to 
approximately 257 K results in an outlet temperature of 217 K, which is the lowest process-
stream temperature level assumed in this study. 
5. Results and discussion 
With current process parameters resulting data for H2- and CO2-rich product streams are 
shown in Table 3. As can be observed, the fuel product contains 14.4 mol-% CO2, and the 
resulting CCR calculates to 73.4%. However, the CO2 content of the fuel product as well as CCR 
highly depends on the pressure level at which fractionation is taking place and as can be 
observed in Figure 1, about 85% CCR can in principle be obtained by increasing the syngas pre-
compression ratio. In the case of partial capture the resulting dilution of H2 is, however, no 
disadvantage in the combined cycle as inert gases for combustor temperature moderation in any 
case are required. 
Table 3   H2 and CO2 product streams.
  H2 product CO2 product 
Pressure bar 25 110 
Temperature K 283 286 
Mass flowrate  ton/h 158 253 
Chemical composition mol. fraction   
H2  .754 .008 
CO  .024 .001 
CO2  .144 .987 
N2  .066 .003 
Ar  .013 .002 
H2O  .000 .000 
H2S  .000 .000 
Other  .000 .000 
For heat exchangers HX1–HX5, duties and logarithmic mean temperature differences 
(LMTD) are listed in Table 4. Resulting power figures are shown in Table 5. If power generated 
by the fuel expander is recovered, either as electric or mechanical power, the resulting power 
consumption related to desulphurisation and CO2 capture and compression is 25.5 MW. With a 
flowrate of 253 t/h for captured CO2 the corresponding specific figure per unit of CO2 captured 
calculates to 0.363 MJ/kgCO2.
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As can be observed, the pressurisation of captured CO2 is a minor contribution to the overall 
power requirement. The liquid state of captured CO2 is advantageous in the sense that it can be 
pumped to higher pressure with very low energy consumption.
In order to assess the performance of the low-temperature syngas separation and CO2 capture 
process, benchmarking against conventional technology is mandatory. Although not included 
here, a comparison of the potential energy performance of the low-temperature and solvent-
based capture from IGCC plants has been performed [9]. In addition to low energy consumption 
for partial capture, the low-temperature process shows promising potential for CCR in the full-
capture range with a reduction potential in the range of 50% with respect to specific CO2 capture 
work.
Table 4   Main heat exchanger duties and LMTD.
  HX1 HX2 HX3 HX4 HX5 
Duty  MW 7.5 9.4 10.5 6.2 2.8 
LMTD  °C 8.3 7.3 7.0 7.3 6.1 
Table 5   Power consumption figures.
Syngas pre-compression MW 6.9
Liquid CO2 pumping MW 0.6
Ethane compression (refrigeration cycle) MW 2.3
Propane compression (refrigeration cycle) MW 12.8
Compression power consumption MW 22.6
Recoverable power from fuel expander MW 4.4
Potential net power consumption MW 18.3
Estimated desulphurisation power penalty MW 6.0 
Estimated power penalty due to H2 losses MW 1.2 
Net power loss MW 25.5 
Net specific CO2 capture and compression work MJ/kgCO2 0.363
6. Conclusion 
Simulation results from the present study of low-temperature syngas separation process show 
promising energy penalty figures for CO2 capture from IGCC power plants. This technology 
may hence be an interesting energy- and cost-efficient alternative to conventional capture 
methods. 
Unlike solvent-based capture processes rejecting CO2 in gaseous form and thus requiring 
energy-intensive compression to transport pressure, an important feature of the low-temperature 
process is the capture of liquid CO2 which can be pressurised by pumping at considerably lower 
energy cost. Another feature is the reduction and possible elimination of solvents, and the 
potential emissions of these and their by-products.
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 As the current study is being conceptual and kept at an overall-process level, further work 
will involve further detailed design and analysis, including integration with IGCC models in 
order to gain better understanding of the interaction between power cycle and capture process. 
This is also required in order to obtain a consistent basis for comparison with solvent-based 
capture processes in IGCC plants. 
To determine optimum CCR target levels for low-temperature syngas separation, techno-
economical assessments are needed, taking into account overall-process economics as well as 
targeted emission levels. 
Acknowledgements 
The research leading to these results has received funding from the European Union’s Seventh 
Framework Program (FP7/2007–2011) under grant agreement number 211971 (the DECARBit 
project).
References 
[1] Kanniche M, Bouallou C. CO2 capture study in advanced integrated gasification combined 
cycle. Applied Thermal Engineering 2007;27(16):2693–702. 
[2] Meisen, A, Shuai X. Research and development issues in CO2 capture. Energy Conversion 
and Management 1997;38(1):S37–42. 
[3] Riemer P. Greenhouse gas mitigation technologies, an overview of the CO2 capture, storage 
and future activities of the IEA Greenhouse Gas R&D programme 1996;37(6–8):665–70. 
[4] Hildebrand AN, Herzog HJ. Optimization of carbon capture percentage for technical and 
economic impact of near-term CCS implementation at coal-fired power plants. Energy 
Procedia 2009;1(1):4135–42. 
[5] Chen C, Rubin ES. CO2 control technology effects on IGCC plant performance and cost. 
Energy Policy 2009;37(3):915–24. 
[6] Wang H-Y, Xu L-H, Kim H-T. Exergy analysis of CO2 capture from syngas at pre-
combustion in IGCC power plant. Applied Chemistry 2007;11(1):109–12. 
[7] Tsang CY, Streett WB. Phase equilibria in the H2/CO2 system at temperatures from 220 to 
290 K and pressures to 172 MPa. Chemical Engineering Science 1981;36:993–1000. 
[8] PRO/II Comprehensive Process Simulation, 2010. Available from: 
http://iom.invensys.com/EN/Pages/SimSci-Esscor_ProcessEngSuite_PROII.aspx/.
[9] Berstad D, Nekså P, Gjøvåg GA. Conceptual evaluation of low-temperature syngas 
separation for IGCC power plants with CO2 capture. Manuscript submitted for publication 
2010.
D. Berstad et al. / Energy Procedia 4 (2011) 1260–1267 1267
